Joint immobilization is a useful and common treatment modality in orthopedics. However, it also causes unfavorable outcome such as articular cartilage degeneration. Intra-articular injection of hyaluronan has been accepted as a treatment of osteoarthritis, but its effects on immobilized joint remain to be clarified. Hyaluronan is a polysaccharide, distributed ubiquitously in various tissues. In this study, we examined the effect of hyaluronan on the articular cartilage in immobilized joints. The unilateral knee joints of adult male rats were immobilized at 150° in flexion with an internal plate and screws for 1, 2, 4, 6, 8, 12, or 16 weeks (n = 84). Hyaluronan or saline (50 μ l/each injection) was administered intra-articularly on the day of surgery and once a week. The articular cartilage from the medial midcondylar region of the knee was obtained, and divided into non-contact, contact and transitional areas (between the non-contact and the contact areas). In each area, a degree of degeneration was evaluated by histomorphometric grading, and measurements of thickness and number of chondrocytes. Histological grading scores in the hyaluronan group were smaller at 12 and 16 weeks compared with those in the saline group. The thickness of the articular cartilage increased in the transitional area in both groups. The number of chondrocytes in the contact and transitional areas gradually decreased, but their number in the hyaluronan group was greater at 12 and 16 weeks compared with that in the saline group. Hyaluronan showed chondroprotective effects on the articular cartilage in a rat immobilized-knee model.
Joint immobilization is a useful and common treatment modality in orthopedics. However, it also causes unfavorable outcome such as articular cartilage degeneration. Intra-articular injection of hyaluronan has been accepted as a treatment of osteoarthritis, but its effects on immobilized joint remain to be clarified. Hyaluronan is a polysaccharide, distributed ubiquitously in various tissues. In this study, we examined the effect of hyaluronan on the articular cartilage in immobilized joints. The unilateral knee joints of adult male rats were immobilized at 150° in flexion with an internal plate and screws for 1, 2, 4, 6, 8, 12, or 16 weeks (n = 84) . Hyaluronan or saline (50 μ l/each injection) was administered intra-articularly on the day of surgery and once a week. The articular cartilage from the medial midcondylar region of the knee was obtained, and divided into non-contact, contact and transitional areas (between the non-contact and the contact areas). In each area, a degree of degeneration was evaluated by histomorphometric grading, and measurements of thickness and number of chondrocytes. Histological grading scores in the hyaluronan group were smaller at 12 and 16 weeks compared with those in the saline group. The thickness of the articular cartilage increased in the transitional area in both groups. The number of chondrocytes in the contact and transitional areas gradually decreased, but their number in the hyaluronan group was greater at 12 and 16 weeks compared with that in the saline group. Hyaluronan showed chondroprotective effects on the articular cartilage in a rat immobilized-knee model. Immobilization; Osteoarthritis; Hyaluronan; Articular cartilage; Degeneration.
Tohoku J. Exp. Med., 2008, 215 (4) , 321-331. © 2008 Tohoku University Medical Press Hyaluronan (HA) is a polysaccharide distributed ubiquitously in tissues of vertebrates. It belongs to the family of polymers termed glycosaminoglycans (Laurent 2007) . A tertiary macromolecular complex of aggrecan, link protein, and HA endows articular cartilage with many specific mechanical properties, including viscoelasticity (Kikuchi et al. 1996) . HA is a major component of the synovial fluid, which supplies nutrients to the articular cartilage (Laurent 2007) and works as a lubricant during slow joint motion and a shock absorber during rapid motion (Balazs and Denlinger 1993) . Besides these physical aspects, HA also has biological aspects. Exogenously administered HA regulates proteoglycan and collagen synthesis (Smith and Ghosh know the effects of HA on the articular cartilage after immobilization, because intra-articular HA injection may become a treatment option in the patients who are inevitable to immobilize joints. In the present study, we examined the chondroprotective effects of exogenously administered HA on the articular cartilage in a rat immobilized knee model.
MATERIALS AND METHODS

Animals
The protocol for this study was approved by the Animal Research Committee of Tohoku University. A total of 84 adult male Sprague-Dawley rats weighing from 380 -400 g were used. Their knee joints were immobilized rigidly at 150° in flexion with a plastic plate and metal screws placed internal but extra-articularly for various periods until euthanized (1, 2, 4, 6, 8, 12, and 16 weeks) according to a previously described method (Hagiwara et al. 2006) . The left and right hind legs were immobilized alternately to avoid potential systematic side differences. The rats were allowed unlimited activity and free access to water and food. After the operation, the rats were divided into two groups: hyaluronan (HA) group and saline (control) group. 50 μ l of hyaluronan (molecular weight = 1.9 × 10 6 ) was administered intraarticularly for the HA group on the day of surgery, and once a week until euthanasia (1, 2, 4, 6, 8, 12, or 16 1987; Hulmes et al. 2004 ), inhibition of metalloproteinase and inflammatory responses (Takahashi et al. 1999; Jurovi et al. 2004) , and regulation of programmed cell death (Yoshioka et al. 1997; Takahashi et al. 2000) . A significant decrease in HA concentration and molecular size in the synovial fluid was reported in advanced osteoarthritis (OA) (Balazs et al. 1967; Dahl et al. 1985) , which is believed to accelerate cartilage destruction (Laurent 2007) . This is one of the main reasons why intra-articular HA injection has been widely accepted as a treatment of OA (Goldberg and Buckwalter 2005) . Practically, many clinical investigations of HA injections showed the efficacy on symptoms of OA patients (Lohmander et al. 1996; Altman and Moskowitz 1998; Brandt et al. 2001) . Joint immobilization is an essential treatment in daily examinations to decrease pain and joint damage (Salter and Field 1960; Trudel et al. 2000) , but it also causes degeneration or atrophy of the articular cartilage (Trudel et al. 2005) . The amount of mechanical stress and the preserved motion of the joint are of major importance for maintaining the integrity of articular cartilage (Gault and Spyker 1969) . The activities of daily living in a symptomatic OA patient are usually restricted, which may also accelerate degeneration of the articular cartilage besides mechanical stress while walking. Therefore, to understand the relationships between joint use/disuse and degeneration of the articular cartilage gives us important information to prevent or treat OA (Vanwanseele et al. 2002) .
Multiple factors are known to affect the progression of osteoarthritis, including joint instability, obesity, increasing age, and joint immobilization (Goldring & Goldring 2007) . Though a large number of studies regarding the chondroprotective effects of HA on OA animal models have been reported, most of these studies are based on joint instability models by resection of ligaments (Smith and Ghosh 1987; Takahashi et al. 1999; Takahashi et al. 2000; Hulmes et al. 2004 ). There were a few reports on the effects of HA regarding immobilized joints (Sakakibara et al. 1994; Fu et al. 2001; Okazaki et al. 2003) . It is useful to Fig. 1 . Protocols of administration. Hyaluronan or saline was administered on the day of surgery, and once a week afterwards until euthanasia. One week after the final administration, the rats were euthanized. Arrow shows the administration of hyaluronan or saline.
weeks, n = 6/each group) (Fig. 1) . The same amount of saline was administered for the control group for the same experimental periods.
Tissue preparation
The rats were anesthetized and fixed with 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS), pH 7.4 by perfusion through the aorta. The knee joints were resected and kept in the same fixative at 4°C for 24 hours, and decalcified in 10% EDTA in 0.01 M PBS, pH 7.4 for 2 months at 4°C. After dehydration through a graded series of ethanol solutions, the specimens were embedded in paraffin. Each specimen was cut into 5 μ m sagittal sections from the medial to the lateral side of the joint. Standardized serial sections were created in the medial midcondylar region of the knee (Hagiwara et al. 2007 ).
Histological grading
By our gross observations, we chose 3 areas (noncontact area, transitional area, and contact area) from the articular surface of the femur and tibia as previously described (Hagiwara et al. 2008) (Fig. 2) . Each section from the 6 areas was evaluated respectively using Modified Mankin's histological grading scheme (Sakakibara et al. 1994) (Table 1 ). The hematoxylin and eosin stained sections were used to assess the structure, 
Thickness and cell density
Thickness of the total articular cartilage, which was defined as the distance between the cartilage surface and the osteochondral junction at the mid portion of each area, was measured on both sides of the condyle. As the thickness of articular cartilage was different from area to area, we set a certain range of interest (rectangles 100 μ m deep and 400 μ m long) and superimposed it over histologic sections to count the number of chondrocytes in each area. The cells stained blue with hematoxylin were counted as chondrocytes.
Statistical analysis
The histological scores were analyzed statistically using the Kruskal-Wallis test, and the thickness and number of cells were analyzed using one factor analysis of variance (ANOVA) with Bonferroni/Dunn post-hoc multiple comparisons. Differences between the HA and control group were compared at each time point by MannWhitney's U test (histological scores) and by unpaired t-test (thickness, number of cells). The data were expressed as mean ± standard deviation. A value of P < 0.05 was accepted as statistically significant.
RESULTS Histopathology
Degenerative changes in the articular cartilage were observed in the three areas after 1 week of immobilization in both groups and the changes progressed gradually. However, the changes observed in each area were different. The changes observed in the contact area in both groups were as follows: swelling of chondrocytes in the tangential zone at 1 week (Fig. 3A) ; irregularity of the chondrocyte layers in the transitional and radial zones, besides slight loss of staining intensity of hematoxylin and shrinkage of the chondrocytes at 2 weeks (Fig. 3B) ; severe loss of staining intensity and shrinkage of chondrocytes at 4, 6 weeks ( Fig. 3C) . Safranin O staining intensity decreased gradually from the articular surface and at the pericellular area in both groups (Fig. 4A-C) . There was no apparent fibrillation, cleft, or pannus formation in the cartilage matrix in both groups. Loss of chondrocytes occurred after 8 weeks in both groups, but most of the chondrocytes in the control group disappeared at 16 weeks (Figs. 5C and F, 6C and F) . In the transitional area, these atrophic changes were not observed but hypertrophic changes were observed instead. Swelling of chondrocytes and cloning appeared at 4 weeks in both groups. Loss of chondrocytes was observed after 12 weeks and these changes were greater in the control group (Figs. 5B and E, 6B and E). Safranin O staining intensity in the non-contact area decreased from the surface of the cartilage to the tidemark (Fig. 4D-F) . These changes were apparent after 2 weeks of immobilization but there was no difference between the two groups. The structural changes of the cartilage in the non-contact area were not apparent among 
Histopathological scores
The histological grading scores in the contact and transitional areas increased gradually in both groups. The scores in the HA group was significantly smaller at 12 and 16 weeks in the contact area in the femur, and at 16 weeks in the contact and transitional areas in the tibia compared with the control group. The scores in the non-contact area increased after 2 weeks of immobilization due to the loss of safranin O staining (Table 2) .
Cell density
The number of chondrocytes in the contact and transitional areas decreased gradually in both groups, but the number of chondrocytes in the HA group was significantly greater at 12, 16 weeks in the contact and transitional areas of the femur, and at 16 weeks in the contact and transitional areas of the tibia compared with the control group. There were no significant differences in the number of chondrocytes in the non-contact area throughout the experimental periods (Table  3) .
Thickness of articular cartilage
The thickness of the articular cartilage in the non-contact and contact areas did not change significantly throughout the experimental period in both groups. The cartilage thickness in the transitional area increased gradually in both groups, but there were no significant differences within-group and between-group (Table 4) .
DISCUSSION
There have been many reports of articular cartilage degeneration after immobilization (Evans et al. 1960; Thaxter et al. 1965; Jurvelin et al. 1986; Behrens et al. 1989; Setton et al. 1997) . Because the method of immobilization and evaluated areas were quite different from study to study, the events that occurred in the joint after immobilization have not been clarified (Haapala et al. 1999; Trudel et al. 2005) . The reported area of cartilage degeneration was mainly divided into three areas as follows; a non-contact area (Hall 1963; Kiviranta et al. 1987; Säämänen et al. 1987 ), a contact area (Evans et al. 1960; Sood 1971) , and both areas (Akeson et al. 1980; Trudel et al. 2005) . We decided to choose three areas on each condyle to precisely evaluate the degenerative changes of the articular cartilage after immobilization, because the area between contact and non-contact area showed quite characteristic changes in our model (Hagiwara et al. 2008 ). Our immobilization model showed severe changes in the articular cartilage; atrophic changes in the contact area, hypertrophic changes in the transitional area, and loss of safranin O staining intensity without any structural changes in the non-contact area. These severe changes of the articular cartilage may depend on a method of immobilization. Immobilization methods are divided into "non-rigid fixation" using sling, plaster (Roy 1970; Jurvelin et al. 1986; Haapala et al. 1999 ) and wire (Akeson et al. 1967) or "rigid fixation" using an internal or external fixator (Evans et al. 1960; Thaxter et al. 1965; Behrens et al. 1989 ). Behrens et al. compared degenerative changes of the articular cartilage by cast and external fixator in the canine immobilized knee model, and revealed the changes were more severe in the external fixator group than in the cast group (Behrens et al. 1989) . The degree of the mechanical stress and motion of the joint are of major importance for maintaining the integrity of the articular cartilage Müller et al. 1994) . Micro motion by the nonrigid fixation may help to conserve the articular cartilage. Hypertrophic changes in the transitional area in our rigid fixation model may be explained by a distribution of pressure on the articular cartilage. Because the rats in our model were able to walk without any restrictions, a Femur non-contact hyaluronan 0.17 ± 0.37 0.67 ± 0.75 1.3 ± 0.75 1.8 ± 0.69 1.3 ± 0.47 2 ± 0.58 2 ± 0.58 normal saline 0.33 ± 0.47 0.5 ± 0.76 1.3 ± 0.47 1.5 ± 0.5 2.2 ± 0.90 2.2 ± 0.69 1.8 ± 0.37 transitional hyaluronan 1 ± 0.58 2.2 ± 0.37 3.5 ± 0.96 4.7 ± 0.94 6.2 ± 1.6 6.2 ± 0.69 6.7 ± 0.94 normal saline 1 ± 0.58 1.7 ± 0.47 3.5 ± 0.5 4.3 ± 0.94 6.2 ± 0.69 6.8 ± 0.69 7.3 ± 0.47 contact hyaluronan 1.7 ± 0.75 2.5 ± 0.76 4.5 ± 0.5 5.3 ± 0.75 7.7 ± 1.4 7.2 ± 1.3 † 9.3 ± 1.4* normal saline 1.7 ± 0.75 2.2 ± 0.90 4.2 ± 0.69 5.7 ± 0.75 7.7 ± 1.7 9.8 ± 1.3 12.5 ± 0.76 Tibia non-contact hyaluronan 0.17 ± 0.37 1 ± 0.58 1 ± 0.58 1.3 ± 0.47 1.5 ± 0.5 1.2 ± 0.37 1.8 ± 0.69 normal saline 0.17 ± 0.37 1 ± 0.58 1.3 ± 0.47 1.3 ± 0.75 1.5 ± 0.5 1.3 ± 0.47 1.5 ± 0.76 transitional hyaluronan 1.3 ± 0.75 2.3 ± 0.47 2.8 ± 0.90 4.3 ± 0.94 5.3 ± 0.75 5.7 ± 1.2 5.3 ± 0.47 † normal saline 1.3 ± 0.94 1.8 ± 0.69 3 ± 0.82 3.8 ± 0.90 5.3 ± 0.75 6.3 ± 0.75 6.7 ± 0.75 contact hyaluronan 1.5 ± 0.96 2.7 ± 0.75 3.8 ± 0.90 5.5 ± 0.76 6.8 ± 1.8 6.8 ± 1.3 7.7 ± 1.2 † normal saline 1.5 ± 0.96 2.3 ± 0.47 4.5 ± 1.5 4.7 ± 0.47 6.2 ± 1.5 8 ± 2.1 10.3 ± 1.9 *p < 0.005, † p < 0.05 potential remnant mobility of the patella may contribute to maintain the articular cartilage in the non-contact area. The number of chondrocytes after immobilization was significantly decreased in the contact and transitional areas in our study. These findings are consistent with the previous reports (Thaxter et al. 1965; Trudel et al. 2005 ). Thaxter et al. reported a decrease of chondrocytes in a rat rigid internal fixation model like ours (Thaxter et al. (Paukkonen et al. 1986 ). These contradictory results may be explained by the difference in rigidity of immobilization. Some reported that the articular cartilage was thickened (Sood 1971) , others reported that it was thinned (Palmoski and Brandt 1981) , and even others reported no change in thickness (O'Connor 1997; Trudel et al. 2005) . These contradictory results may be explained by a lack of standard measurement sites, use of young or old animals, or use of contralateral knees as controls (O'Connor 1997) . In our study, there was no statistical difference in the articular cartilage thickness in both the non-contact and contact areas, which corresponded well with the results of Kiviranta ) and Trudel (Trudel et al. 2005) . However, the thickness of the transitional area in the femur and tibia had a trend to increase gradually although the number of chondrocytes in the transitional area was decreased after immobilization. One of the possibilities of these phenomena was joint laxity due to muscle atrophy around the knee after immobilization. The compressive force or shear force between the femur and the tibia might be produced, which might promote regeneration of the articular cartilage at the site.
HA plays an important role in preserving the structural and functional integrity of the articular cartilage (Yoshioka et al. 1997) . High concentration and high molecular weight of HA has lubricating and shock absorbing properties (Fu et al. 2001) . Lack of the proper lubricating and shock absorbing effects on the matrix, shear stresses by joint movement can cause the disruption of the matrix (Balazs and Denlinger 1993) . In addition to these physical properties, HA also has biological properties to bind with HA cell surface receptor CD-44 or intercellular adhesion molecule (ICAM-1) (Jurovi et al. 2004) . HA has potential disease modifying effects by stimulating endogenous HA, proteoglycan, and collagen synthesis, inhibiting expression of metalloproteinase and inflammatory processes, and decreasing chondrocytes apoptosis (Smith and Ghosh 1987; Yoshioka et al. 1997; Takahashi et al. 1999; Takahashi et al. 2000; Hulmes et al. 2004; Jurovi et al. 2004 ). Many of these chondroprotective effects are confirmed by using unstable joint model, but little is known about the chondroprotective effects of HA on the immobilized joints (Sakakibara et al. 1994; Fu et al. 2001; Okazaki et al. 2003) .
We revealed a chondroprotective effect of HA in the immobilized knee model, especially for the number of chondrocytes. This result might be due to anti-apoptotic effects of HA on the articular cartilage. Apoptosis and anti-apoptotic effects of HA for instability models of the knee are wellestablished (Yoshioka et al. 1997; Takahashi et al. 2000; Díaz-Gallego et al. 2005) . Díaz-Gallego et al. described that a significant reduction in apoptosis was observed in knees treated with HA compared with untreated knees using flow cytometry and terminal dUTP nick-end label (TUNEL) (Díaz-Gallego et al. 2005) . However, the relationship between HA and chondrocyte apoptosis after immobilization has not been totally clarified (Sakakibara et al. 1994; Fu et al. 2001; Okazaki et al. 2003) . Recent studies revealed that joint immobilization induced apoptosis of chondrocytes (Okazaki et al. 2003) and HA administration prevented loss of chondrocytes (Sakakibara et al. 1994; Fu et al. 2001) . However, the basic mechanism underlying the promotion of apoptosis after immobilization remains unclear.
We used high molecular weight HA in this study and revealed a positive effect on chondrocytes survival. An effect of low molecular weight HA on the articular cartilage after immobilization should also be considered. Because staining intensity of safranin O did not show any differences in the HA and control group, we have to evaluate the articular cartilage after immobilization by other methods. We need further studies to clarify the mechanism and efficacy of HA on the articular cartilage after immobilization.
